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ABSTRACT

The prime objective of this program is to provide design criteria for long-life

light-weight secondary batteries through the investgationp of new cathode-

anode couples and their associated electrolytes and separators.

The new cathode-anode couples to be studied will have a theoretical energy-to-

weight ratio of reactant materials based on the free-energy release of the

reactant materials at 250 C of not less than 500 watt-hours per pound.

A classification of anode and cathode materials based on similar chemical and

physical properties was developed to select couples and their associated elec-

trolytes and separators to provide design criteria for long-life light-weight

secondary batteries.

The couples offering the most promise utilize an anode selected from the low

molecular weight alkali metals, alkaline-earth metals or aluminum and a cathode

from the metal oxides with a high oxygen content or a metal-metal ion electrode,

A molten salt solvent system was shown to be the most desirable electrolyte for

the development of a secondary battery.

The anode materials are the limiting reactant materials in the selection of

new anode-cathode coples for long-life, light-weight secondary batteries in

that they determine the solvent system to be used as the electrolyte. Lithium,

sodiwri, magnesium,,'calcium, and aluminum are the most desirable anode materials

on tha basis of reactivity and ampere-hour capacity. The available literature
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shows a molten salt electrolyte, in contrast to other solvent systemsp to be

the most desirable becauset

a. These anodes are reversible in certain molten salts.

b. Electrodes may be designed which do not polarise appreciably.

c. Molten salts have a high electrical conductivity.

A ceramic or porcelain membrane, in which sodium or similar ions are mobile,

can best meet the requirements of a separator in molten salt electrolyte.

Experimental data show that these materials can prevent the mixing of the

above reactant materials. A porous separator can be used when the reactant

materials have a low solubility in the molten salt electrolyte.

The best cathode materials on the basis of capacity, reversibility and

stability in molten salts are:

a. Metal oxides

b. Metal-metal ion electrodes

Some of the recommended couples for experimental evaluation are:

a. Na/NaCl/Ce r/AgC1/Ag

b. Na/NaCl, LiCl/Cer/Cu 2O/Cu

c. Li/IiClNaCl/Cer/AgCl/Ag

d. Li/iClNaCl/Cer/CuCl/Cu

e. Mg/MgCl 2 , NaCl/Cer/AgCl/Ag

f. Mg/MgC12 ,NaCl/cer/CuCl/Cu

g. Na/NaCl/Cer/PdO/Pd
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1. PURPOSE

The prime objective of this program is to provide design criteria for long-life

light-eight secondary batteries through the investigations of new cathode-anode

couples and their associated electrolytes and separators.

The new cathode-anode couples to be studied will have a theoretical energy-to-

weight ratio of reactant materials based on the free-energy release of the re-

actant materials at 250 C of not less than 500 watt-hours per pound.

Manuscript released by theauthor December 10, 1960, for publication as a
WADD Technical Report.
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2. INTROCTION

2.1 Objectives of Program

The prime objective of this contract is to provide design criteria for the

development of long-life, light-weight secondary batteries throgh the inves-

tigation of new anode-cathode couples and their associated electrolytes and

separators.

The new anode-cathode materials to be studied in this program are those which

have a theoretical energy to weight ratio of reactant materials based on the

free energy release of the reactant materials at 250 C of not less than 5OO

watt-hours per pound.

The requirements and design goals of this program outlined in technical require-

ments PR92034 are:

a. The battery system shall be stable on open circuit (not subject to

self-discharge).

b. The battery system shall have a high free energy content (the chemical

energy being readily convertible to electrical energy and vice versa).

c. The battery shall be completely self contained without the addition of

any energy other than electricity.

d. The battery shall be capable of operation in any temperature ranging

from OOF to 120 0F.

e. The battery should be capable of operation in a space environment.

f. The battery shall be capable of operation in any position.
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g. Maximum life under repeated discharge-charge cycles at rated capacity

shall be a pzime consideration.

h. Minimum volume shall be considered.

During the program, the following are to be considered but shall in no way

limit the study:

a. Unique methods of construction such as lamination of the plates and

separators with solid electrolytes.

b. Hermetic sealing of the battery for space application.

c. Methods of construction which would obviate hermetic sealing of the

battery for space application.

d. Ion exchange membranes for use as separators.

This program will not preclude the investigation of either the noble metals

or rare earths because of their apparent cost or scarcity.

2.1.1 Outline of Report

This report develops a classification of the reactant materials into groups

with similar chemical and physical properties. In the selection of these

materials, there were no restrictions placed on the reactant materials as

to feasibility of their use in a secondary battery. A general discussion

of the possible anode and cathode materials is then presented with a pre-

liminary selection of the classes of anodes and cathode materials which

best meet the-requirements of the study. In this selection, it is shomn

that the anode materials are the limiting reactive component with respect

to electrolyte type and that the alkali and alkaline-earth metals and

aluminum are the most desirable materials. In view of this restriction,

a detailed discussion of electrolyte types, organic media, liquid ammonia,
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molten salts, etc., with respect to the feasibility of developing an'elec-

trode with these materials is presented. A detailed discussion of molten

salts, the most promising class of electrolytes, is given along with

recommendations for couples for experimental evaluation.

2.2 Discussion of Available Materials

2.2.1 Introduction and Classification of Possible Reactant Materials

The most direct and systematic approach to the selection of the most

promising materials is through a consideration of the ampere-hour per pound

capacity and half-cell potential of some possible anode and cathode materials.

This method gives the same result as dividing the free energy release of

the reactant materials by the molecular weight of the reactant materials

because

-AF a nFE

where - A F is the change in free energy of the cell reaction, n is the

number of equivalents of electricity associated with one molar unit of

the cell reaction, F is the Faraday and E is the reversible e..f.

Data for the pounds of material required to supply 500 ampere-hours of

electrical energy and the theoretical reversible potential of some cathode

materials are given in Table I and similar data for anode materials are

given in Table II. It is recognized that many of the potentials, in

particular those in Table II, are values calculated from other thermodynamic

data, and are not attainable in aqueous electrolytes. It will be shown later

that the ampere-hour capacity is the dominant factor in determining the

capacity of various couples.
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The theoretical capacity (C) in watt-hours per pound of various couples

can be calculated from the data in Tables I and II by the following

equation:

C a 500 Ea'Ec (1)

Ta =+

where Ea is the reversible e.m.f. of the anode, E. is the reversible e.m.f.

of the cathode, lba is the weight in pounds of anode material required to

supply 500 ampere-hours electrical energy, and lbc is the weight in pounds

of cathode material required to supply 5OO ampere-hours of electrical energy.

This equation shows that the desirable materials should both have a high

ampere-hour per pound capacity and, that, if one of the reactant materials

does not have a high capacity, Ea-Ec must be large. The ratio within the

brackets must also be greater than 1 for a particular couple to have

theoretical capacity greater than 500 watt-hours per pound.

It is seen by this equation and the data in Tables I and II that the ampere-

hour capacity, lba + lbc, is the domirant factor in the selection of avail-

able nmaterialso This is further substantiated by data for the e.m.f. of

some of these anode and cathode materials compared in various solvents as

shown in Table III. It should be ncted that the theoretical e.m.f, in the

various electrolyte systems does not vary enough to change general conclu-

bidns on the classes of available anode and cathode materials listed above.

This is particularly true of the anode materials later shown to be the

limiting component in the selection of electrolyte systems.
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A detailed listing of theoretical capacities was not given because such a

listing would require a critical evaluation of the sources of information,

such as the free energy of ions and standard states in these solvents,

which is beyond the scope of the present study.

Presented in Table IV are the estimated theoretical capacities of vartous

anode-cathode combinations calculated from the above equation. For ease of

discussion, the available cathode materials listed in Tables I and III may

be grouped into four general classes:

a. Low-molecular-weight elements, e.g., F2) C12, 02, H2, and S.

b. Inorganic compounds with a high available oxygen content, e.g.,

Os4, CuO, AgO, Ni0 2 , and MnO2 (2 electron change).

c. Metal-metal ion electrodes

Cu+1* Cu, Ag+- Ag, Rh±-. Rh, Sb++-t-- Sb

d. Organic materials, e.g., quinone, nitroguanidine.

The available anode materials on the basis of their ampere-hour capacity

and theoretical e.m.f. in aqueous electrolytes may be classed as follows:

a. The low-molecular-weight metals in Group IA, IIA, and Al.

b. Hydrogen

c. Metals in the fourth row in Groups VI, VII, and VIII.

d. Boron and its hydrides.

e. Carbon and its derivatives.

2.3 General Properties of Anodes, Electrolytes, and Cathodes and Preliminary

Selection of Reactant Materials

2.3.1 Introduction

The general physical and chemical properties of the wrious classes of

anode and cathode materials pertinent to the development of secondary
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batteries are presented in the following sections. Some of the properties

that were considered are:

a. Reversibility - The first requirement of an electrode in a secondary

battery under normal operating conditions is that it does not polar-

ize appreciably, i.e., behave nearly reversibly. In reviewing the

literature, this was given first consideration. When data were

lacking, as is in the case of some non-aqueous electrolytes, the

electrode efficiency was used as a clue to the reversibility of the

electrode. If the electrode efficiency did not approach 100 per cent,

it was assumed that side reactions prevented the electrode from

behaving reversibly.

b. Handling Properties - The general problems to be expected in hand-

ling the materials and their effects on the final performance of

the system were considered. Such factors as the physical state and

the chemical reactivity of the materials were considered, and are

pointed out when they placG restrictions on the final system.

c. Capacity of Reactant Materials and Current Studies - When the

capacity of the reactant materials as calculated above was near 500

watt-hours per pound, the desirability of studying these couples

was considered with respect to current studies on related systems.

This applies mninly to the anode materials in the fourth row of the

Periodic Chart in Groups VI, VII and VIII and hydrogen.

The following discussion is oriented toward the anode materials since it

will be shown later that these materials place the major restrictions on

feasible electrolyte systems. After the anodes and these electrolytes,
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the cathode materials are discussed taking into account the restrictions

placed on the system by the anode and electrolyte.

2.3.2 Anode Mateials

The alkali and alkaline-earth metals and aluminum are the most desirable

anode materials on the basis of ampere-hour capacity and theoretical e.m.f.

in aqueous systems with respect to the various cathode materials listed.

These metals permit a wider choice of cathode materials than do any of the

other classes of anode materials. The development of a reversible elec-

trode utilizing these materials is limited by the fact that they are highly

irreversible in aqueous electrolytes and other electrolytes with labile

hydrogen atoms.

The handling of these materials will require special precautions, such as

inert atmospheres, which are discussed in greater detail along with

recommendations for specific systema. It should be noted that the handling

properties of these materials are well known.

The high capacity anode materials in the fourth row of the periodic chart

in Groups VI, VII and VIII must be coupled with cathode materials that have

both a high ampere-hour capacity and e.m.f. Such cathode materials are

fluorine, oxygen, bromates and cnromates. Nope of these cathode materials

are attractive for the present purposes as pointed out in section 2.3.

Also, with the exception of iron, the design of a reversible cell with

these materials does not appear feasible, especially when it is considered

that these materials are codeposited with hydrogen.
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Although non-aqueous electrolytes could possibly solve some of these

problems, because of the limitations placed on the cathode materials by

the theoretical e.m.f, and capacity of the anode materials, these anode

materials will not be considered further in this study.

The hydrogen-oxygen couple is the most attractive couple using a hydrogen

anode, but because this system is already under investigation as a secondary

battery, hydrogen will not be included in further studies.

Boron and carbon need not be considered further because there are no indi-

cations that a reversible electrode can be made with either. The same is

true for the various derivatives of these elements with few exceptions.

The few reversible organic compounds have high molecular weights.

2.3.2.1 Electrolytes for the Alkali and Alkaline-Earth Metals and

Aluminum

A review of the general properties of various electrolyte types is

presented because of the irreversibility of the alkali and alkaline-

earth metals and aluminum in aqueous electrolytes. The electrolyte

types that were considered are:

a. Liquid ammonia

b. Organic solvents - The various solvents considered for the

electro-deposition of these anode materials were evaluated.

c. Molten salts - The molten salts in which electrode potential

and electro-deposition studies have been made were given most

attention.

d. Miscellaneous electrolytes - Other electrolytes such as solid

electrolyte AgCl, and liquid sulfur dioxide, were alsc considered.
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The above limitations to organic solvents and molten salts is based on

the assumption that these are the most practical electrolyte systems

for the present study, This limitation would also aid considerably in

reducing the volume of literature to be evaluated.

It was felt, and later shown, that this restriction would not affect

the selection of the most desirable electrolyte type. In the evaluation

of the various electrolyte types, the following properties were considered:

a. Electrode reversibility.

b. Handling properties.

c. Current studies.

d. Conductivity.

e. Typical operating temperature range.

Items ab b, and c were discussed in Section 2,3.1 while d and e are

self-explanatory. A comparison of the electrical conductivity and

operating temperature range of some of the electrolytes to be considered

is found in Figures 1 and 2.

Organic Solvents

A review of the literature on organic-solvent systems has let to several

generalisations concerning their use as electrolytes in secondary batteries.

Most of the applicable literature on orgahic solvents pertains to con-

ductivity masuremunte. The available literature on organic solvents

pertinent to the present study deals mainly with attempts to electro-

deposit these anode materials. The electro-deposition of these materials

from typical organic solvents has been achieved and is recorded in the

recent literature(3IDS). A general problem with the older literature

is the reliability that can be placed on the data.
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Some of the more important generalizations which can be made from the

literature are:

a. The work done on electro-deposition indicates that the most

desirable solvents are those which readily complex with the

solute; e.g., A1I 3 in pyridins, LiC in dimethylacetamide.

b. From this work on electro-deposition, it appears that aluminum

and magnesium offer the most hope for an anode in an organic

electrolyte.

c. At present, sufficient information is lacking to permit con-

clusions to be drawn on cathode materials.

d. The dielectric constant of the solvent cannot be used as a

criterion for selection of a suitable solvent, for example,

ether, which has a dielectric constant of approximately 4.5,

is a good solvent for electro-deposition whereas HCN, with a

dielectric constant of 110, is not a good electrolytic solvent.

e. The organic electrolytes are poorer conductors than the

typical aqueous electrolytes used in batteries. This will

create special problems in the design of electrodes for heavy-

drain applications.

f. The complete removal of water from the solvent is necessary.

g. There is a general lack of fundamental information on elec-

trode processes in organic solvents.

The major problem with organic solvents is that there are no known

reversible electrodes with these anode materials. This has been

stated by Fuoss(13) for non-aqueous electrolytic systems in general,

with the exception of ammonia, methanol and ethanol. Presumably this
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statement as given refers to organic solvente. Jana and co-workers(lk)

have questioned the reliability of eperimental values of electrode

potentials in various solvents and have pointed out the need for sound

erperimental data in non-aqueous media in order that theoretical con-

cepts can be developed. The available data in the literature for the

electro-deposition of the metals corroborates this in that none of

these metals have been electro-deposited at electrode efficiencies

approaching 100 per cent with few exceptions(3#4#5 ,7#12).

For these reasons, organic solvents, although attractive as electro-

lytes for the development of electrodes with alkali and alkaline-earth

metals and aluminum with respect to their operating-temperature range

and relative ease of handling as compared to molten salts, are not being

further explored in this study. It is required that a fundamental study

on electrode reactions in organic solvents be made before a program

utilizing these materials is considered.

Molten Salts

Some of the importiat generalizations which can be made about molten

salts are:

a. Experimental data show that various anode and cathode materials

behave reversibly in certain molten salts(37?57, 6 2).

Some rbversible systems that have been rrported in the literature are:

1. 1lg/mgcl 2/C12  E - 2.%4 0 71800 (82)

2. Al/3NaF//JF 3/0 2  (Pt) E - 2.02 S 100000 (84)
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b. Comparison of the electrical conductivity of the various classer of

electrolytes presented in Figure 1 shows that molten salts are the

beat electrolytic conductors. The discharge data obtained on thermal

cells indicate that polarisation of cells with a molten-salt elec-

trolyte will be low. Both factors are favorable to the design of a

secondary battery.

c. The operating temperature range will be over 4000C.

The success of couples in molten salts will be determined by solution

of the containment problems and problems associated with the solubility

of the reactants in the electrolyte. A major design problem win be the

development of an electrochemically and thermally adequate separator.

The molten salts, however, offer the most promise for the development of

a secondary battery with the alkali and alkaline-earth metals and aluminum.

This is because there are considerable experimental data showing that re-

versible electrodes with these materials are feasible as compared with

other electrolyte systems(57, 62,70,99). The most promising couples in

molten salts and an experimental program are described in Sections 2. 4 .5.

Miscellaneous Electrolyte Systems

Liquid amonia has several desirable properties as a solvent system in

battery applications such as the high electrolytic conductivity at low

temperatures of liquid ammonia solutions containing various salts. The

anode materials under consideration, however, are soluble in liquid

ammonia uhich makes the design of a secondary battery with these ma-

terials impractical. The data on the activated stand of reserve

batteries (AVA) using magnesium anodes &nd a liquid ammonia solvent

substantiate this conclusion.
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Solid electrolytes, such as the silver and copper halides cannot be

used for two reasons low electrical conductivity and low decomposition

potentials. The low decomposition potentials prevent their use with

the anode and cathode materials under consideration in this program.

Solvent systems such as liquid sulfur dioxide, liquid hydrogen cyanide#

and others discussed in standard works on non-aqueou solvents, were,

not considered because of obvious handling problems or the lack of

available information.

2.3.3 Cathode Materials

The inorganic oxide materials stable at high temperatures and the metal-metal

ion electrodes are the most desirable cathode materials for the development

of a secondary battery with a molten salt electrolyte.

2.3.3.1 Low-Molecular-Weight Elements - The low molecular-weight gases

are only practical in an electrochemical system when the weight of the

electrodes, apparatus for handling, and storage containers are small com-

pared to the weight of the active materials. This would only be true in

large secondary batteries, Although the low-molecular-weight gases have

the highest capacity, the problems associated with the design of porous

electrodes and the handling of gases will present definite disadvantages

for their utilisation as cathode materials in secondary batteries. This

is particularly true in space environmental e.g., zero gravity, hermetic

sealing, access for maintenance of electrodes, it is seen from the data

in Tables I and III that oxygen is the most attractive of the low-olecular-

yeight gases. It is known that oxygen electrodes car be made to operate
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efficiently in aqueous and molten salt electrolyte( 6 6 )( 84). Fluorine

and chlorine to a lesser extent,, would present problems in handling

and stomp. Hydrogen because of its low potential does not met the

500 watt-hours per pound requirement except with a few anode materials,

e.g., Li. For this reason and because hydrogen-oxygen and sinc-oxygen

secondary batteries are already under investigation, these materials

will not be considered further. The use of the known reversible

organic materials is ruled out because of their instability at high

temperatures. The same is true of any organic compounds that can

be foreseen.

2.3.3.2 Inorganic Oxides - The general stability of the various

oxides may be noted from their melting and boiling points and decom-

position temperatures presented in Table V. Bromates, iodates,

chlorates, osmium tetraoxide, chromates, silver oxide, and mercuric

oxide decompose at relatively low temperatures and thus are not

suitable, Data for the chlorides of the metal-metal ion electrodes

are presented in Table VI because the stability of metal chlorides

plays a role in the overall stability of certain systems. It should

be noted that many of the remaining materials have been shown to be

reversible in molten salts as evidenced by the data in Table VIII

presentbd in Section 2..3.

Further details on these materials along with selections based on

stability, electrode potentials, theoretical capacity and rever-

sibility are discussed in Section 2*4.
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2 .4 Molten Salt Secondary Batteries

2 .. 1 Introduction

This section presents a detailed discussion of the application of molten

salts to the design of secondary batteries. In summarizing the pertinent

literature, certain basic requirements that are placed on the materials

by this application were considered. The major factors considered are:

a. Reversibility of Electrodes and Separation Techniques - The basic

requirement of a secondary battery is that all components entering

into the cell reaction must be reversible. Included in this is

the polarization of the electrodes and their associated electrolyte

and separator under current flow.

b. Solubility of Reactant Materials in Melt - In contrast to aqueous

systems the reactant materials, in particular, the proposed anode

materials are soluble in the electrolyte. This permits the diffu-

sion of the reactant materials throughout the cell and would pre-

vent the design of reversible electrodes due to the side reactions.

The cell also could not maintain a charge or be recharged many times

without serious loss in capacity. Important leads to the solution

of this can be gained from the methods used for the electrochemical

production of these materials. A discussion with recommendations

for Oe use of a porcelain separator is presented to solve this

problem.

c, Reactivity of the Reactant Materials and Electrolyte at High Tem-

peratures - A consideration of materials that can be used in

laboratory studies to demonstrate feasibility of a given couple and
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also for ultimate end use is presented. This is of importance

because of the high reactivity of these materials at high tempera-

tures.

d. Miscellaneous - The impurities and their effect on the electrode

reactions of these materials are given. Special problems due to

the vapor pressure of the reactant materials and electrolytes,

electrical contact and containment are presented.

The data are summarized as followst

a. Anode materials and Containment - This section presents a brief

review of the individual anode materials, with emphasis on the

problems discu3sed above, as derived from the literature pertaining

to their commercial production, and the AEC data with respect to

their use in nuclear reactors. A brief discussion of containment

at high temperatures is presented.

b. Methods of Separation - The basic problem of separation in a molten

salt secondary battery is examined and methods of solution are

presented. Cathode materials and proposed couples are also listed

in this section.

c. Experimental Program - A description of the experimental program to

demonstrate the feasibility of the selected couples is presented.

d. Cathode Materials - A summary of experimental e.m.f. data for

jnetallic oxide and metal-metal ion electrodes in molten salts is

presented.

e. Recommended couples for experimental evaluation are listed.
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2.4*2 Anode Materials

2..2.1 General Properties of Anode Materials and Electrolysis in

Molten Salt

Some physical properties of the alkali and alkaline-earth metals and

aluminum and their chlorides are summarized in Table VI.

The validity of Faraday's Law has been demonstrated rigorously for

the electrolysis of molten salts. In practice, high current and energy

efficiencies are obtained by preventing the mixing of anodic and cathodic

materials and by providing inert atmospheres. The major causes of

electrode-material loss are:

a. Distillation, volatilization, or sublimation which may be

controlled by temperature regulation.

b. Mixing of electrode materials by diffusion, which can be

decreased by separators.

c. Formation of metal fogs, which may be controlled by temperature

and the addition of neutral salts, and by reduced current density.

d. Reaction with the gases above the electrodes.

Electrode reactions in molten salts have been shown to occur at appre-

ciable rates with little polarization at their reversible potential.

Experimental measurements have been made by Flengas(57), Laitinen(71972),

Delimarskii(4, 45,I46, 47 ,h8 ) , Piontelli(92,93), and their co-workers.

In the commercial production of the alkali metals, alkaline-earth metals

and aumminum, the cells are operated at voltages considerably above their

theoretical potential due to the anode effect. The anode effect is
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caused by the gases that surround the anode during electrolysis and

prevent good contact with the electrolyte, A detailed discussion is

given by Mntefl(79).

2.4.2.2 Alkali Metals

Sodium is produced commercially in the Downes or Knapsack oells. In

its production, one of the prir-ipal problems is solubility of sodium

in the molten electrolyte,

The solubility of sodium in molten electrolytes (NaCl) is low up to

6000C, but increases to a point where the deposition of sodium is

impossible at 7000C. The preferred electrolyte in commercial cells

is a 58 to 42 ratio of calcium chloride to sodium chloride.

A brief discussion of the miscibility of liquid metals with salts at

high temperature is in order because of its importance to the design

of a practical secondary battery.

Bredig, Bronstein, Johnson and Smith (39) have studied the liquid-liquid

phase equilibria in binary systems composed of an alkali metal with its

halide, and have found complete miscibility of the phases at moderately

high temperatures (> OOOOC). This critical temperature is known as

the "consolute" temperature. Such binary systems are further charac-

teriqed by a .Imonotectic" temperature, some 4 to 7°C below the melting

point of the pure salt, at which the liquid binary system, on cooling,

forms a solid plus another liquid phase of different composition.

From the data for the sodium-sodium haline system3, summarized in

Table VII, it is seen that the practical operation of a reversible
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electrochemical cell will seek an optimm temperature range in order

to maintain a metal phase.

Observations from conarcial practice suggest that selected ulti-

component systems afford less stringent conditions between the

"monotecticu and "consolute" temperatures. For example, the use of

mixed salts (CaC1 2 + NaCi) permits operation of a sodium Cefl at 59me

4000C below the critical range(79). Sodium, at electrolytio-cel

operating temperatures, is extremely corrosive toward the common

materials used for cell construction, e.g., steels and refractories.

Even at 6000C the high vapor pressure of sodium (B.P. - 8770C) demands

special apparatus, reflected in elaborate commercial processes( 7 9 ).

The cathodes are of acid-proof cast steel (biick-walled), and the

anodes are of graphite. A 16-mesh steel wire net serves as the diaphram

between the electrodes. The bath temperature is maintained by the

heat generated from the polarization effects during electrolysis.

Lithium is commercially produced in a sodium type cell, with the metal

(d - O.49) forming a layer upon the molten electrolyte. The electrolyte

consists of a mixture of KC1 and LiCl, which may also contain LiBr and

is electrolyzed at 420OC.

2, 4.4.3 Magnesium

Magnesium is produced in the Dow (Michigan) brine process by the

electrolysis of a salt mixture consisting oft

MgC12  25%

?4aCl 60%

CaC12  15%
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This salt mixture may also contain sll amounts of Xc, SrCl 2 and

.MEO. The MgO causes a sludge but has a definite function in the
.

purification of the magnesium. The specific gravity of the electro-

lyte is higher than that of molten magnesium, which permits the

separation of the magnesium into the upper layer. For this reason,

NaC1 is preferred to KC1 in the electrolyte.

Impurities such as Al, Cu, Zn, Ni, Si, and M in the electrolyte

become alloyed with product Mg. Iron, boron, and manganese are

liberated on the cathode, or are reduced by the Mg floating on the

electrolyte bath. Under certain operating conditions these impurities

form shells around globules of Mg which reduce the yield of pure intal.

Boron in the electrolyte is especially troublesome and must be held to

less than 10 ppm. Boron appears at the cathode during electrolysis in

the form of metal borides which keep the small Mg spheres from coalescing.

Calcium fluoride, added to the melt to remedy this problem, fails at

excessive boron concentration. Sulfates are detrimental in the magne-

sium cell because they can be reduced to sulfur or sulfur dioxide.

2..4.2.4 Aluminum

Aluminum is produced by electrolysis of A12 03 solutions in A1F3 with

a fluoride of a metal more electropositive than Al (i.e., Na, K, Ca).

Aluminum fluoride is used because molten aluminum chloride is a poor

conductor. The high reactivity of these molten salts and of molten

aluminum is countered by the use of carbon-lined iron containers. The

heat from the reaction of anode oxygen with the carbon lining is
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utilized to maintain the bath temperature at 960°C. The raw aluminum

is further refined to 99.99 per cant purity, using Cu-Al alloy aa the

heavy bottom layer anode, covered by an electrolyte layer# with an

upper-most cathode layer of pure aluminum collecting at 7kO0 C. Here

the critical middle layer of electrolyte uses Ba7 2 and BaCl 2 along

with the fluorides of aluminum and sodium for density control.

2.4.2.5 Containment at High Temperatures

The materials available for use as reaction vessels at high temperatures

are severely restricted. The erosive effects of mobile melts at and

above 7000C upon common refractories have led to a variety of compromise

solutions of specific problems. In addition to the destructive diffu-

sion of a melt into the refractory, the frequent tendency of compound

formation, the simultaneous action of gases, and electrochemical reactions

in specific systems render a general discussion on containment for

high temperature electrolytic cells of limited usefulness.

The commercial processes for alkali-metals have most generally become

adapted to the use of graphite and steel, including certain stainless

steele For laboratory-type cells, the limited use of quarts is possi-

ble.

The use of silver (M.P. 9610 C) and a silver chloride cathode is indi-

cated with alkali-metal chlorides, The most refractory oxides

(Ca, Y, Las. Th) as well as oxides in general suffer from many defects

in the proposed use with molten salts and reactive metals such as

chemical instability, hydration in air, and structural alteration.
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Single-crystal sapphire (A1203) may be suitable below 90000. For a

given electrochemical system, it will be necessary to evolve the optimum

container environment, because latent reactivities to a large number

of influences in continuous cyclic processes cannot be predicted from

available data. This applies equally to the selection of a stable

ceramic separator to be discussed in Section 2.4.4.2 Special com-

position porcelain has been designed by Labrie and Lamb(70) for the

selective conductance of Na+ in a reversible Ag (AgCl + NaCl) reference

electrode, said to be stable and reproducible at 9000C. In this same

service, the commercial McDanel shield tubes were also found satis-

factory.

2..3 Cathode Materials

Available data on the electrochemical behavior of the metal oxide

and metal-metal ion electrodes pertinent to the present study is

contained mainly in the work of Flengaes57), Delimarskii ( 48 ), and

Laitinen(71 )(72) and their co-workers. Presented in Table VIII are

data for the electrode potential, theoretical ampere-hour capacity,

and reversibility of these materials. In initial studies, to demon-

strate the principle of cell construction and type, the silver-silver

chloride electrode, although it has a relatively low capacity, is the

most. desirable cathode material because of the considerable work on

it as a reference electrode in molten salts(57). Other metal-metal

ion electrodes in a chloride melt may be more suitable in the design

of reversible electrodes supplying power than the metal oxide elec-
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trod. materials. This would be primarily dke to having a mixed molten

oxide-chloride electrolyte with the metal oxide electrode*

2.4.4 Methods of Separation

2.4.4.1 Introduction to Separation

The basic problem in the selection of secondary couples using molten

salt electrolyte is closely related to the method of separation. The

various anode and cathode materials under consideration have been showi

to be reversible. In the studies so far, these materials usually show

some solubility in the electrolytes. In meeting these problems various

methods of separation were evaluated. The most promising method of

separation lies in a reaction mechanism which permits single-ion mobility.

The principle of this phenomenon is the ability of a single ion to

be transported reversibly through either an electrolyte or a ceramic-

type mate rial.

2.4.4.2 Ceramics

Certain ceramic materials are commercially available which possess this

quality of single-ion mobility(70). These ceramics are stable, give

reproducible results, are temperature-reversible, and, therefore,

possess qualities desirable for their suggested application.

At 70Oot, a porcelain consisting of A1203 , SiC2 and Na2O had a resis-

tivity of 64 ohm-cm. and was able to pasw sodium ions reversibly

according to Faraday's Law.

A ceramic reference electrode possessing the above characteristic has

been developed for use in molten salt systems(70 ). This electrode was

WADD TR 61-35 24



permeable to sodium ions and was reversible to these ions. It was

used in conjunction with the known reversible electrode AgCl/Ag, thus

the entire electrode system behaved reversibly.

In the present study, an evaluation will be made of couples utilizing

these materials as separators. These materials should solve the

obvious problems encountered in the design of a secondary battery

with a molten-salt electrolyte presented by the solubility of the

reactant materials.

2.4.4.3 Microporous Separators

The use of a microporous material as a separator in a molten-salt

system will also be taken into consideration. A microporous separator,

such as a fritted glass disc could be used to separate couples in which

the anode and cathode materials have a very low solubility in the melt.

The principles involved with this means of separation are:

a. Selective ion effect and pore size, e.g., ion radius Ba a 1.4

L - o.5

b. Ion exchange mobility of one ion in a structural material.

More information will be accumulated before any final evaluation of a

microporous separator for use in the present application can be made.

In particular more data on the solubility of the reactants and producta

in the melt are required.

2.4.5 Recommended Anode-Cathode Couples for Experimantal Evaluation

The electrochemical systems achieving separation by means of single-ion,

mobility with a ceramic material are the most desirable for the develop-

ment of a secondary battery with a molten-salt electrolyte.
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The selection of anode-cathode couples for experimental evaluation

were made on the basis of the criteria of:

a. Overall system simplicity.

b. Known reversibility of the components.

c. Watt-hour capacity of reactant materials.

d. Ease of handling reactant materials.

es Broad representation of reactant materials.

These criteria are listed in the order of relative importance in the

selection of anode-cathode couples.

The anode-cathode couples best meeting these criteria are listed in

Table IX along with data for the watt-hour per pound capacity of the

reactant materials. The estimated operating potentials are determined

from the data in Tables VI and VIII, and make the assumption that

there is no significant potential drop across the ceramic separator.

This assumption is substantiated by the work on reference electrodes

utilizinig these materials(70)(118).

In ieneral, the temperature coefficient of these systems is small as

seen by the data for the anodes and cathodes in Tables VI and VII,

respectively.

The experimental cell configurations fall into three basic types:

a. Ma/Cer./MaCl, McCl/Mc

b. Ma/MaCl/Cer./MaCl, McCl/Mc

c. Mb/MbCl,NaCl/Cer./NaCl,McCl/c
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wher M0' a is an anode material whose cation is mobile in the ceramic

separators Mb is an anode materiel wh~ose cation is not mobile in. the

ceramic separator, and M0Cl/N0 represents the various uotal-mtal ion

cathode electrodes, The mtal-oxide cathodes may be considered as

variations of these three basic types in which the mtal oxide ele--

trodes function reversibly as electrodes of the second kind. There

is experimental evidence to show that the b and a types of cn dok

figurations are reversible(ll 8 ).

The sodium-silver chloride couple beet meets the a've criteria mA 46

thu best couple to demonstrate feasibility and "ystem simplicity,

The cefl onfiguration, type a or b to be used, will be detef.iW4 t*

the stability of the separator to metallic sodium, The same win be

true for couples with a lithium anode. Data has been presented to

show both electrodes are reversible and that the separator is reversible

to sodium ions(70), specific systems may be represented as follow,

Type a. Na/Cer/NaCl.AgCl/Ag

Type b. Na/NaCl/Cer/NaClqAgCl/Ag

The KCl-LiCl eutectia my also be used as the electrolyte.

The couples utilizing a magnesium or aluminum anode will use the type

c cell configuratian. Experimental datk are available to show that the

Mg-AgCl couple with a ceramic separator is reversible(Iu 118) s

couple may be represented as follow:s

Mg/lmgCl 2 ,NaCl/Cer ./NaCl.AgCl/Ag
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Other attractive couples with an alkali or alksLum-warft i40tL 4*4S

and metal-metal ion cathode are:

Na/NaCl/Cer/NaClCuCl/Cu

U/LiCl/CeriCl,CuCl/Cu
M/MgCl 2 NaCl/Cer/NaCl0CuCl/Cu

NaANaCl/Cer/AI&CNiCl 2/Ni

At this time, couples with a metal oxide couple tmettoning a. *

electrode of the second kind appear feasible. The couples with a

metal oxide cathode that should be considered first are those wt

a sodium anode and a LiCl-KC1 eutectic electrolyte.

The couples to be considered first are:

Na,NaCl/Cer/NaClLiCl,KC1,Cu2O/Cu

Na,NaCl/Cer/NaC1,LiClKC, Pd/Pd

NaNaCl/Cer/NaCl,LiClKCI,DBiOCl/Bi

After the feasibility of these systems is demonstrated, couples with

,a magnesium anode will be considered.

Since couples with an aluminum anode demand a fluoride electrolyte,

unique separator problems wmt be solved for cells of the above config-

uration. For this reason, couples with the aluminum anode should be

deferred until the general problems of alkali metal and alkalis-earth

metal anodes are evaluated.

2.4.5.1 Experimental Procedure

Experimental Setup_

Figure 3 illustrates the experimental setup for the initial stud# of

molten salts as electrolytes for use in the present application.
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The experimental cell for measurements of e.m.t, and poLarisatal t n

various anode-cathode couples with a molten electrolyte ae sho Urn

Figure 4.

The lower section of this cell, which is used as the container ft the

molten salt, was constructed of quartz tubing of 40 m. dimier.

This section is connected to a 150/50 Pyrex ground-g~~em JOUnt# Uo

permit the interchanging of various electrodes and easy accessiblA

for the addition of various materials. In this uMW section of tie

cell, there are two Joints through which electrical contact is omam

to the electrodes, a thermocouple well, a gas releMe valve and a

three-way stopcock for gas inlet and a vacuum outlet.

In order to protect the contents of the cell from atmospheric contam-

ination, purified argon gas(36 )(10 1 ) is continually introduced into

the cell and excessive gas pressure is released by means of the

pressure-release valve.

Some of the precautions that have to be mt in this proposed study are:

a.' Good electrical contacts

b. Preparation (drying) of materials

c. Contamination hasards

d. -Solubility of metals and salts

e. Contamnaent

Electrical contacts to the electrodes will vary according to the per-

ticular system under evaluation. At present the use of tungsten or
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Kovar appears to be most promising for this particular problem.

However,-other materials such as platinum, silver, golds and nickel

may possibly be used.

The high-melting metals, tantalum (30000C) and rhenium (310O0C)s have

been employed in salt (CI') melts and in contact with 'ten metals to

some extent, but they involve special problems in shaping. Their

stability in molten alkali metals has not been evaluated. Rhenium

evolves blinding oxide vapors similar to osmium.

The use of certain stainless steels with the molten active metals

is reported, although Fe, Co, Ni, and V, Cr, Mn are severely attacked

by liquid Na at moderate temperature.

Any use of these materials which are under consideration will depend

upon the severity of thermal and chemical attack on them in a given

system. Precautions will be taken to prevent the hydrolysis of the

salts that contain water. This may be accomplished in the case of

chlorides by the standard method of drying at a high temperature in an

HC1 atmosphere. This precaution is particularly critical in molten

salt studies because any water vapor will permit the formation of

H+ or OH" ions, which in turn will replace the C" ion in chloride

melts.

.The formation of an hydroxyl ion in molten salts would lead to corro-

sive problems at the contact leads and at the electrodes of the system

causing electrode polarization in some cases. Other problems due to

impurities are iA.ted with the individual anode materials.
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The containment problem as discussed in Section 2o4 ,2,5 wil be an

important factor in the problem of contamination.
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3. CONCLUSIONS

The anode materials are the limiting reactant materials in the selection of

new anode-cathode couples for long-life, light-wight secondary batteries in

that they determine the solvent system to be used as the electrolyte. Lithium,

sodium, magnesium, calcium, and aluminum are the most desirable anode materials

on the basis of reactivity and ampere-hour capacity. The available literature

shows a molten salt electrolyte, in contrast to other solvent systems, to be

the most desirable because:

a. These anodes are reversible in certain molten salts*

b. Electrodes may be designed which do not polaise appreciably.

c. Molten salts have a high electrical conductivity.

A ceramic or porcelain membrane can best met the requirements of a separator

in molten halt electrolyte. Experimental data show that theme materials o

prevent the mixing of the above reactant materials. A porous separator can be

used when the reactant materials have a low solubility in the molten salt

electrolyte.

The best cathode ,iaterials on the basis of capacity, reversibility and

stability in molten salts are:

a. Metal oxides

b. Metal-metal ion electrodes

Some of the reooomended couples for experimental evaluation ares

a. Na/NaCl/Cer/AgCl/Ag

b. Na/aCl, LiCl/Cer/Cu2 O/Cu
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a- LiLicl,NaC1/Cer/AgC1/Ag

d. Li/LiC11NaO1/Cer/CuC1/Cu

e. Mg/MgC129NaC1/Cer/AgC1/Ag

f. Mg/MgC129NaC1/Cer/CuC1/Cu

g. Na/NaC1/Cer/Pd,/pd
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14. IUCOMONlDATIONS FOR EJTURE WORK

During the next period effort will be directed tot

a. E"valuate the recommended anode-cathode couples with a ceramic mbrom

separator.

b. Provide design criteria for the most attractive couples in (a).

c. Connider conditions to provide minimum solubility of reactant materials

In order that a porous separator may be used. A porous separator would

permit lower operating temperature,

d. S'arch for other aterialo that may function as separators with single

ion mobtlity,

M:ajor cnphi sis will be placed on a and be Items c and d axe logical extensions

or 'he presct study.
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TABLE I

THEOREICAL PROMETIES Or' 50H PORIBLE CAME(D MAUMSI*

Electr'ode Lbe -/500 Standard OxidAtion Pbtential
Cathode Materials Reaction Ap-firs. Uh

Hydrogen H(0)-H(I) 0.042 0.00 0.828

Qcyen 0(-II)-0(0) 0.33 -1.23 - 401

m-dinitrobenzene N(-I)-N(V) o-59 -0.87(1)

Sul~fur S(-3fl)-S(0) 0.66 -o.1Iii0

Fluorine F(-I)-F(0) 0.783 -2.87 -2.87

Lithium Bromate Br(-I)-Br(V) 1.12 -1.44 0.61

Cu* Cu 0Cu(0)-Cu(fl0 1.3 -0.34

Osmium, Tetroxide os(0)-ps(VII) 1.3 -0.85 -10.02

Chromium Trioxide Cr( III)-Cr(VI) 1.38 -1.36 0.13
and Chromnates,

Chlorine Cl(-I)-C1(0) U4~6  -1.37 -1.37

Lithium Iodate I(-I)-I(V) i.5o -1.08 o0.26

Cuprice Oxcide Cu(0)-Cu( II) 1.65 - --- 0,224

Manganese Dioxide Mn( II)-Mn( IV) 1.77 -1.28

Nickel Dioxide Ni(II)-Ni(Iv) 1,86 -1.75 .0.I49

Rh-,+Rh* Rh(0)m.Rh( II) 2.10 -0.70

Pd+±-*. Pd0  Pd(0)-Pd(II) 2.20 -0.83

Nitioquanidine N(IV)-N(VI) 2.17 -0,88

Quinone 2 electron chg,2,22 -0.70

Ag*Z'.Aj (2) Ag(0)-Ag(l) 2.23 .01799(2) ---

Silver Oxcide (2) Ag(0)-Ag(II) 2.54 -- -0-57(2)

WADD TR 61-35 3



TABLE I (Continued)

THEORETICAL PROPERT3ES O? SOn PASSIBLE CATHODE MATERIALS*

Electrode Lbs./500 Standard Ckidation Potential
Cathode Materials Reaction Am4Irs, X Zb

Au --, Au Au(O).Au(III) 2.70 a.42

Bromine Br(-I)-Br(O) 3.30 -i.o6 -1.o6

Manganese Dioxide Mn(III)-Mn(IV) 3.0 ---. 5

Cuprous Chloride Cu(O)-Cu(I) 3.94 -0o124-

Mercuric Oxide Hg(O)-Hg(II) 4.h6 --- -0.09

Lead Dioxide Pb(IIY-fb(IV) i. 8 5 -i1.46 -0,248

* Data from We N. Latimer, "The Oxidation States of the Elements and Their
Potentials in Aqueous Solutions", 2nd Ed, Prentice-Hall,, New York (1952)
C. D. Hodgman, Ed., Handbook of Chemistry and Pbyalce, 34th F.,p Chemical
Rubber Publishing Co., Cleveland (1952).

(1) Ea for Aniline-Mitrobensens

(2) Ampere hour capacity for 2 electron change - BE and 3b for oouple indicated.
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TAKE IV

THEORETICAL CAPACITf OF SOM PROPOSED COUPLES

Capacity gets
(Watt-Hows) Standard

Couple -(e onoPotential (1)

H2 .- O 1660 1.23
12 - F2 175D 2.87
H2 - Cl2  475 1.37

De 0f 2620 2.68
Be "F 2360 .57
Be- 1100 1.84
Be - Cu+--Cu °  765 1.48
Be - 004 860 2.5
Be - 935  3.07

Be - MnO2  7.55 2.98
Be - 84 3.45
Be - Rh+%Rh °  525 2.40
Be - Pd+4-*Pd°  530 2o53
Be - Nitroquanidine 550 2,58
Be - Quinone 500 2.4l0

Mg - 02 1850 3.07
Mg - S 980 2.27
M- F2 164o 4.21
1g - Cu.tu°  740 2.68
mg - Cl 945 3.70
Mig- Cug 575 .4

g- VnO 2  800 3.62
g- NiO 2  570 3.16
M : *Rp o  585 3.o4

Mg - Nitroquanidine 590 3,22
'Z - Quinone 560 3.o4
Mg- AgO 515 3.1

1r' 02  770 1.6
Cr - F2  1200 3.58
Cr - CrO3  500 2.07

Y ( )F2  1030 3.92

(1) In couples where there wore estimates for both SA and EB;
the lower estimated standard potential was used.
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TABLE IV (Continued)

MMRETMAL CAPACITY OF SO)U PROPOSD COUPLES

Capacity EAt,
(Watt-Hours) Standard

Couple d Potential

Zn - 02 (in Acid) 583 1.96

Li - 02 2760 3.h2
Li -S 135 2.5h
Li - F2  2800 5.9o
Li - Cu+-iCuo 2130 3.36
Ii -Cl 1250 h4.39Li -Cu 730 2.80

L - Mn02  1050 h.30
Li - Ni02 1120 h.79
i: - Rh+t,,Rho 780 3.72

Li - Nitroquanidine 800 3.90
Li - Quinone 775 3.72
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TABLE V

SOME PHYSICAL PROPUTIES OF CATHODIC COMOUDS

OC

M. P,B, . CC Decp.

Cupric Oide 1336 1026
Cuprous Oxide 1235 1800 1800
Antimony Oxide Sb406 652 1570
SbOC1 170d - 170
0a203 45 i0 tr. 1900 -
0a2 0 Subl.

> 500
Mn0 2  230+
NiO 4O-6OO(Ni 2 03 0NiO)
PdO 877 877
Pto 555
Bi203  (tr. 704) 820-860 1900

0j0 42 135
Cr203  1900
A920 300
AgO r100
Rh203 1100
HgO 100
KBrO3  370
K2 Cr2 07 398
K103  560
C13 E368
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TABLE VII

SOLUBILITY (W SODIUM IN ITS HALIDES (Ref. 39)

Systems of Na with-

NaF N&C1 NaBr NaI

Consolute Temp. °C 1180 1080 1026 1033
Mole % Na 28 50 52 59

M.P. Pure Salt °C 95 800 747 660
A II Calc. Heat of Fusion, Calories 8030 6850 621tO 5620

Monotectic Temp. °C 990 7953 740 6567
Moe % Na

In Salt-Rich Phase (Liquid) -- 2.1 2.9 1.6
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TABLE It

ESTIMATED WATT-HOUR CAPACITIES OF PROPOSED COUPLES

(2) athds() Et. zEr(l )  Est. Watt aours/lb (2)

Anode 2 )  Catod( 2 ) Volts 7000C of Reactant Naterial

Li(O)-Li(I) AgC1/Ag 2.7 230
Cul/Cu 2.4 270
NO/Pd 3.1 550
NiCl 2/Ni 2.5 1420

Na(O)-Na(I) AgCl/Ag 2.5 190
CuCl/Cu 2.3 230
PdO/Pd 2.9 420
NiC: pi 2. 330

Mg(O)-Mg(II) AgCi/Ag 1.7 140
PdO/Pd 2.2 360
NiC1 2Ni 1.6 250

(1) Estimated from MF? data in Tables VI and VIIII Electrode potential
Anode material plus electrode potential of cathode material equal
estimated cell potential.

Estimated potentials are given to 1O.1 volt because of slightly dif-
ferent reference states for the various molten salts considered and
estimates required for some of the temperature coefficients.

(2) In calculating the cell ampere hour capacities, the ampere hour capa-
city used for the cathode materials was that chloride or oxide as i0-
dicated. This is the more realistic value to use.
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Fig. 2 Typical Conductivity panges For Various Llectrolytes
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THERMOCOUPLE' ELECTRODE TERMINALS
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Fig, 4i Experimental Cell For Holten Salt Study
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